Motivation: Multiple alignments of proteins are an effective way of identifying conserved amino acids that provide clues to functional relationships among proteins. Quantitation of the abundances of amino acids found at each position in a sequence motif can provide a basis for understanding the structural and functional constraints at each point. Distribution of information across a motif has been used previously, but the non-intuitive nature of the analysis has limited its impact. Results: Here, we introduce a quantitative measure of amino acid sequence diversity (DIVAA) that has a simple, intuitive meaning. Diversity, as a measure of sequence conservation or variation, is inextricably linked to the probability of selecting identical pairs from a distribution. We demonstrate its utility through the analysis of four populations: ATP-binding P-loops, hypervariable domains of kappa light chains, signal sequences, and the N-and C-termini of proteins. DIVAA provides a simple means to generate hypotheses concerning the contribution of individual residues to the functional and evolutionary relationships among proteins. Availability: Access to DIVAA software is available at RELIC (http://relic.bio.anl.gov) Contact: lmakowski@anl.gov
INTRODUCTION
Multiple sequence alignment of proteins is an effective way of identifying highly conserved amino acids, patterns of conserved sequence, and generating clues to functional and evolutionary relationships among proteins (e.g. Baxevanis and Ouellette, 1998; Durbin et al., 1998) . The power of this approach has been the major impetus behind efforts to produce programs that generate alignments and has led to the wide-spread use of tools such as BLAST (Altschul et al., 1990) . As more sequence data becomes available, extraction of increasingly more subtle information from multiplealigned sequences will become possible. One of the most important deductions that can be obtained from a set of multiple-aligned sequences is the identification of specific * To whom correspondence should be addressed.
residues that are conserved among a set of related proteins, usually due to their functional and structural importance to the protein. Information about the degree of conservation in adjoining sites can provide further information about the structural and functional constraints on the sequence motif. This type of information can be mathematically extracted through the use of quantitative measures of both conservation and variability.
One measure that has widely been used is the information distribution across a conserved site-a quantitative characterization of the degree of conservation at each position in a sequence alignment (Schneider et al., 1986) . This has proven to be an effective tool for identifying novel protein binding sites (Zheng et al., 2001) , elucidating the structure of ribosome binding sites (Shultzaberger et al., 2001 ) and identifying sites of DNA structural distortion during replication (Schneider, 2001) . Sequence logos, figures that incorporate this measure of information with a representation of the relative frequency of different bases at each site, provide a visualization of the sequence patterns in a set of aligned sequences.
This measure of information has also been used to analyze sequence conservation in proteins in an assessment of the relative conservation of amino acids in the neighborhood of signal peptidase cleavage sites (Nielsen et al., 1997) , the relative abundances of different amino acids packed in protein interiors (Kannan et al., 2000) and the position dependence of sequence censorship in a peptide library (Rodi et al., 2002) . Since the abundances of different amino acids differ significantly, the calculation of information as a function of position in multiple-aligned proteins is dependent on an a priori assignment of probabilities based, for instance, on codon usage or amino acid abundance. Although this does not pose a problem analytically, nor reduce the value of the approach for analysis of differences in the degree of conservation within a set of aligned sequences, it does make interpretation of the absolute values of the information more difficult. The deviation of amino acid abundances from expected values at a particular site can also be measured using a χ 2 -formulation (e.g. Berezovsky et al., 1999) , but this shares the shortcomings apparent in the use of information as a measure of sequence conservation and variation.
In spite of the utility of information as a quantitative measure of sequence conservation, it has not been widely used. This may be due in part to difficulties in developing an intuitive grasp of the concepts underlying the methods. Furthermore, although it is easy to compute information on an absolute scale (in bits) that translates into the degree of conservation at a given site, the relationship between bits and degree of conservation is neither straightforward, intuitive nor widely understood.
Here we introduce a 'diversity distribution' as an alternative measure of the degree of conservation at each position in a set of aligned sequences. Diversity is a statistical measure of the proportion of the 20 possible amino acids that are observed at a given position. If the position is completely conserved (i.e. only one amino acid is observed in all sequences analyzed), the diversity is 0.05 (1/20); if it is populated by equal proportions of all amino acids, the diversity is 1.0 (20/20) . Intermediate values have equally intuitive meanings, and may be a reflection of either the presence of one or more subfamilies within the aligned sequences or the redundancy of amino acids for fulfilling the functional requirements of a particular site. Diversity (as defined here) is inversely and non-linearly related to the measure of sequence information used previously (Schneider et al., 1986) , with a highly conserved position exhibiting relatively low diversity and high information.
To demonstrate the utility of this approach, we present brief analyses of sequence diversity in ATP-binding P-loops, hypervariable domains of antibody kappa chains, signal sequences, and the N-and C-termini of proteins. This approach has also been taken to analyze diversity in combinatorial phagedisplayed peptide libraries (Rodi et al., 2002; Makowski and Soares, 2003) . Access to the program, DIVAA, which carries out these calculations, is available through the web-based server, RELIC (http://relic.bio.anl.gov).
SYSTEMS AND METHODS

A quantitative expression for sequence diversity
Consider the diversity, d, defined for every position in a multiple-aligned sequence set as (Rodi et al., 2002; Makowski and Soares, 2003) :
where N is the number of possible amino acids (i.e. 20), the sum is over all 20 amino acids, and p k is the probability of finding the k-th amino acid at that position ( k p k = 1). This expression for diversity is both intuitively reasonable and computationally tractable as can be seen in three simple examples. At a position where all amino acids are equally represented (p k = 0.05 for all amino acids), d = 1.0-a perfectly diverse site. At a completely conserved position (p j = 1; all other p k = 0), the computed diversity is 0.05 (1/20). At a site where 10 amino acids are equally abundant and the other 10 are absent (p k = 0.1 for k = 1-10; p k = 0; for k = 11-20) the diversity calculated according to Equation (1) is 0.5. The expression results in diversity measures that are equally intuitive for more complex distributions of amino acid abundance. Consider position 'A' within an aligned sequence family in which 10 amino acids are present in equal abundance and are twice as abundant as the other 10. The diversity calculated from (1) and subject to the restriction ( k p k = 1) for position 'A' is 0.9. As one would expect, this is more diverse than a position in which only half of the amino acids are present at equal abundance (0.5), and less diverse than a position in which all amino acids are present at equal abundance (1.0). But this diversity is identical to that of a position 'B' in which 18 amino acids are present at equal abundance and the other two absent. What is it about these two (rather different) amino acid abundance distributions that make it reasonable to assign them the same 'diversity'? They share a simple and important common property: the probability of choosing at random two sequences having the same amino acid at position 'A' is the same as the probability of choosing at random two sequences having the same amino acid at position 'B'. More generally, it is possible to show that for any position with a diversity of 0.9, the probability of choosing, at random, two sequences that have the same amino acid at that site will be the same, regardless of the details of the distribution (Makowski and Soares, 2003) . Any amino acid abundance distribution can be immediately related to the simplest possible distribution with the same diversity through this common property. Diversity, as an intuitive measure of sequence conservation or variation, is inextricably linked to the probability of selecting identical pairs from a distribution.
ALGORITHM
Estimating uncertainty in the calculation of diversity
For multiple aligned sequences, the probability, p k , of each amino acid occurring at a given position in the sequence can be estimated from the observed frequency, f k , of occurrence of that amino acid in the aligned sequences. However, as previously demonstrated, the use of this estimate leads to a significant underestimate of diversity (Makowski and Soares, 2003) . Correcting this underestimate is straightforward. Assuming a Poisson distribution, the SD for each frequency is estimated to be (e.g. Bulmer, 1979) :
and, following our previous analyses (Makowski and Soares, 2003) , an accurate estimate, d e , for diversity is:
Makowski and Soares (2003) make a detailed analysis of the uncertainties remaining in this estimate, and demonstrate that, for 50 or more sequences, this estimate is accurate to within errors of ±0.02 (i.e. ±2%). Calculation of diversity among aligned sequences has been carried out using alignments that have been made by standard software (e.g. BLAST) or specialized search tools (e.g. signal peptidase cleavage sites), or alignment through consensus sequences (e.g. the P-loop example given below). In the current analysis, gaps in individual sequences are ignored, with diversity at each position calculated on the basis of the sequences having amino acids at that position. An extension of this method to take into account the presence of gaps is currently being developed.
Genome diversity
Whereas the diversity calculations considered here are for individual sites in aligned sequences, it is also possible to calculate the amino acid diversity of an entire genome using the expression in Equation (1). This number is identical to the diversity that would be obtained for any site when a large number of protein sequences from an organism are aligned at random. It provides an important background reference for considering the diversity in the neighborhood of a sequence motif.
For analysis of amino acid diversity within whole genomes (n seq very large), Equation (1) is adequate. The amino acid diversity of the human genome can be readily estimated from the amino acid abundances within the genome and is equal to 0.85. Similar estimates for other organisms can be made, as can estimates for random populations created in silico from random codon use. A few results are presented in Table 1 . The sequence diversity within the human genome is greater than that obtained from the random use of 61 codons because the abundances of amino acids within the human genome are more nearly uniform than would be generated from the random use of 61 codons due to codon degeneracy.
Implementation
As a demonstration of the utility of this approach, we calculated sequence diversity for four separate sets of aligned sequences: ATP-binding P-loops; signal peptide cleavage sites; hypervariable regions of antibodies; and the N-and C-termini of proteins.
P-loops
The most common ATP-binding motif identified to date is the P-loop, characterized by the motif GXXXXGKS/T where 'X' signifies any amino acid, and the last amino acid of the motif is limited to being either serine or threonine (Saraste et al., 1990; Wolf et al., 1999) . Escherichia coli (ftp://ftp.ncbi.nih.gov/genbank/genomes/Bacteria/ Escherichia_coli_K12/U00096.faa) contains 208 proteins exhibiting this motif of which 121 (59 with GKS; 62 with GKT) have <33% identity to any other protein within a The amino acid diversity of the human genome is larger than that for E.coli because the distribution of amino acid abundances in the human genome is more nearly uniform than in E.coli. A genome using the 61 amino acid coding codons with equal frequency would have a diversity less than either human or E.coli.
region ±30 residues from the start of the P-loop. A complete alignment of these 121 proteins (using the software available at http://www.ebi.ac.uk/clustalw/) is available on the RELIC website (http://relic.bio.anl.gov/DIVAA_ecoli_ ploops_alignment.html). The removal of all sequences with greater than >33% identity to one another in the region of the P-loops was carried out to remove very close relatives, which could bias or weight the calculation. In this case, little change in the calculation was observed when these close relatives were not removed prior to the calculation. Figure 1a is a plot of the sequence diversity calculated for those 121 proteins within 30 amino acids of the start of the P-loop. Position '0' corresponds to the position of the first glycine in the motif. Since all proteins in this population have been chosen on the basis of a glycine at this point, the diversity here is 0.05 (1/20; or complete conservation). This is also true for positions 5 and 6. Position 7 has a diversity of about 0.1 since serine and threonine are almost equally abundant at that site (0.1 = 2/20). The diversity at position +3 is also very low due to a very high abundance of glycine. Given the many uses of ATP and the broad range of functions of ATP-binding proteins, the diversity of amino acids at positions remote from the P-loop would be expected to approach that of a random alignment of E.coli proteins. This is reflected in the observation that the diversity of amino acids at each position outside the limits of the P-loop approach that of the E.coli genome as a whole (0.82-upper horizontal line in the figure) . The results of this analysis as presented in Figure 1a indicate that the diversity of the aligned sequence is significantly below that of randomly aligned sequences from position −7 to position +17. Several interpretations of this observation are possible: (i) a larger peptide segment is involved in the binding of ATP than is implied by the standard definition of the P-loop and/or (ii) a relatively large subset of P-loop containing proteins share common structural or functional elements in the larger neighborhood of the P-loop. Examination of the three-dimensional structures of P-loop containing proteins indicates that a common (but not universal) structural motif extends at least 17 residues downstream from the P-loop, corresponding to the observed extent of the motif in the aligned sequences. This motif is not in direct physical contact with ATP in the final structure; but (a) Diversity distribution for the sequences of 121 E.coli proteins containing the P-loop motif gxxxxgks/t and chosen to limit sequence identity among them to <33% over the region ±30 amino acids from the start of the P-loop. Positions along the sequence are relative to the initial glycine of the P-loop. The horizontal line at d = 0.82 corresponds to the diversity level that would be obtained for randomly aligned E.coli proteins. Error bars indicate 1 SD in the estimation of diversity as discussed in detail previously (Makowski and Soares, 2003) . (b) Comparable information distribution calculated for the same P-loop containing proteins. Each feature in the diversity distribution (a) is mirrored by an inverted feature in this plot. (c) A plot of information, calculated according to Schneider et al. (1986) , as a function of diversity for the sequences ±100 amino acids from the start of the P-loops.
this does not preclude possible involvement in the process of ATP-binding. Figure 1b contains the results of a comparable analysis of the same sequences using the previously developed distribution of information as a measure of sequence conservation (Schneider et al., 1986) . The three completely conserved positions each have associated with them, information of 4.32 bits (the amount of information needed to completely specify one amino acid out of 20). The plot in Figure 1b has been scaled so that the details of the distribution of information associated with the neighboring residues can be clearly seen. Comparison of the plots in Figure 1a and b reveal a close correspondence of details, albeit inverted. Nevertheless, at positions with intermediate diversity (information), a value of 0.4 for diversity [indicating a diversity comparable to occupancy by 8 amino acids (0.4 = 8/20)] is more readily grasped than a value of 0.4 bits of information (indicating that the amount of information needed to restrict amino acid abundance at this site is about one-tenth that for a completely conserved site). Figure 1c is a plot of information, calculated according to Schneider et al. (1986) , as a function of diversity for the sequences ±100 amino acids from the start of the P-loops. Because of the forms of diversity and information, positions with identical diversity can exhibit different Signal sequences A method for the computational identification of signal sequences and determination of their cleavage sites has made possible the alignment of signal peptides and characterization of their properties (Nielsen et al., 1997) . The signal peptidase cleavage site is remarkable in its apparent conservation of structure in the absence of an obvious sequence motif (Gierasch, 1989) . To characterize the extent of the cleavage site recognition element, 104 E.coli signal sequence cleavage sites identified by von Heijne and colleagues (Nielsen et al., 1997) were used to carry out calculation of the diversity of sequences on either side of the signal peptide cleavage site. The results of this calculation are shown in Figure 2 . The very low diversity values at sites −1, −3 and −6 upstream from the signal peptidase cleavage site indicate strong amino acid preferences at those sites and correspond to previous observations. The most prevalent amino acid at each of these sites is alanine (Nielsen et al., 1997) . The much higher diversity values immediately downstream from the cleavage site are within the mature protein. Individual amino acids in this region must respond to the requirements of function in the mature protein and their selection is essentially unconstrained by the proximity of the signal cleavage site. Consequently, the amino acid diversity at these sites is expected to be similar to that of randomly aligned E.coli proteins-as observed (0.82-upper horizontal line).
The lower diversity of the first two positions within the mature protein (+1 and +2) suggests that the interaction with signal peptidase restricts to some extent the amino acid choices at these positions. The region of low diversity extending upstream into the signal peptide indicates that recognition by the signal peptidase involves a larger portion of the signal peptide than the mature protein. The oscillation of diversity through the signal peptide corresponds to an oscillation of sequence restrictions for recognition by signal peptidase and reflects the importance of residues on one side of a secondary structure element in the recognition process. The relatively low diversity in the signal sequences more than 10 residues upstream of the cleavage site is a reflection of the limited sequence diversity of trans-membrane protein segments which are largely hydrophobic (see below). The first position has a diversity of 0.05 in E.coli because it is restricted to be methionine. In humans, this restriction is not absolute, but still widely maintained. Diversity over the first 30 amino acids is less than that found for randomly aligned proteins, most likely due to the influence of signal sequences (see, e.g. Fig. 2 ), which are largely hydrophobic. This influence is somewhat greater in human sequences than in E.coli. Error bars were not included in this figure since the number of aligned sequences was large enough that the error bars were uniformly comparable in size to the diameter of the symbols used in the plots.
to methionine. For human sequences, the N-terminal position is dependent both upon the action of aminopeptidases (e.g. Berezovsky et al., 1999) and post-translational modifications such as signal sequence removal. Removal of the f-met residue by peptidase activity is reflected in this dataset, but not other post-translational events, which is reflected in the slightly more diverse value for human sequences as compared to the E.coli set. The second position from the N-terminus in both organisms is also significantly less diverse than for a random sequence, probably due to their significance in modulating the action of the aminopeptidases (Berezovsky et al., 1999) . There is also a statistically significant lowering of diversity in the first 20 amino acids of these populations. This appears to arise from signal sequences that exhibit relatively low sequence diversity because of their low hydrophobicity (see below). The diversity of sequences in this region is slightly lower for human proteins than that of E.coli proteins reflecting a higher proportion of proteins with signal sequences.
The diversity observed in the last 20 amino acids of proteins in human and E.coli sequences is close to expectations, with the diversity in human sequences being slightly greater than that in E.coli, reflecting the fact that amino acid abundances are slightly more uniform in human sequences than in E.coli. The diversity of the C-terminal position in E.coli proteins is slightly below expectations, reflecting some limitation in viable sequences. This analysis is consistent with more extensive analyses of sequence biases in the N-and C-terminal regions of proteins (Berezovsky et al., 1999) yet provides novel observations that may warrant further consideration. Figure 4 is a plot of the diversity in a set of 204 aligned kappa light chains (Stevens et al., 1999) . These immunoglobulin light chains have three hypervariable regions (CDRs, or complimentarity determining regions) that are well delineated by the diversity distribution calculated here. The distribution provides graphic information on the relative variability of every position in the CDR, as well as an overall assessment of the diversity. The diversity of the CDRs segregates the residues involved relative to the highly conserved sequence of much of these proteins, where the diversity is equal or close to 0.05. The sequence diversity within the CDRs is significantly less than random and punctuated by regions of far lower diversity. Additional regions exhibit a diversity of ∼0.1, reflecting sparse, largely conservative substitutions among possible amino acids. The hypervariable CDRs exhibit diversities of 0.2-0.4, but do not approach the value of 0.85 that characterizes the completely random alignment of human sequences.
As an example of a negative result, 1797 human protein sequences containing the (arbitrarily chosen) alphabetic trio EFG (Glu-Phe-Gly) were aligned and 779 with <33% identity to one another in the ±100 residues surrounding the motif were selected for a diversity analysis. As is clear from the plot in Figure 5 , the diversity of positions immediately on either side of this motif is as great as for the random alignment of human protein sequences (0.85). This is a strong indication that the EGF sequence motif is not used for a specific function within the human genome. By comparison, the alignment of the P-loop motif (Fig. 1a) exhibited significantly decreased diversity in the neighborhood of the motif, implying a functional role for the motif.
DISCUSSION AND CONCLUSIONS
Amino acid diversity, as defined by Equation (1) provides an intuitive measure of how far the amino acid abundances of a particular position differ from that of a uniform, random distribution. It is distinct from information and other statistical measures that have been used previously by being independent of a priori probabilities or expectations of abundances. When an analysis seeks to measure a change or a deviation from a set of a priori expectations, information may be a more appropriate measure (e.g. Rodi et al., 2002; Schneider et al., 1986) . Diversity, as defined here has the advantage of simplicity of application and clear intuitive interpretation.
The multiple examples provided here demonstrate the utility that the measure of sequence diversity developed here can provide. The analysis of E.coli P-loops shows that the diversity distribution provides a quantitative measure of the full extent of a functional sequence motif. The extent of the motif may help to define the extent to which individual residues are more or less constrained by function, or provide clues to the existence of subpopulations that share more extended similarities, as inferred from the low diversity region that extends at least 17 residues downstream of the P-loop.
The analysis of signal peptidase cleavage sites demonstrates a utility for identifying the relative importance of different sites in a motif for a particular function. The sequence limitations associated with being a substrate for signal peptidase (regions of low diversity) are almost entirely limited to the signal peptide, thereby minimizing their impact on the sequence-and function-of the mature protein.
The analysis of the C-and N-termini demonstrated a slight depression in diversity that extends out to over 20 amino acids from the N-terminus of proteins, which is slightly more pronounced in human sequences than in E.coli. This is due to the impact of signal sequences leading to a decrease in sequence diversity in the first 20 amino acids.
Finally, the analysis of kappa chain sequences demonstrates its use for evaluating the diversity of hypervariable regions and comparing their diversity to that of random sequences. Diversity of hypervariable regions, while much greater than in conserved regions, is far less than observed in the genome as a whole.
Diversity as calculated here cannot readily account for the functional redundancy of amino acids. For instance, a site equally occupied by valine, leucine and isoleucine residues would have the same diversity (3/20) as a site equally occupied by valine, tryptophan and lysine, yet the nature of these two sites are rather different from one another.
The impact of relatively well-conserved subpopulations within the sequence set under analysis may be significant, particularly if the subpopulations have different population sizes. Consequently, particular care needs to be taken in choosing the population of sequences to be analyzed, as the patterns sought may be clarified or obscured on the basis of sequence set construction. Diversity distributions, as shown in the figures, can be calculated for multiple aligned sets of sequences using the RELIC server (http://relic.bio.anl.gov). A minimum of approximately 50 sequences is required to obtain accurate estimates of diversity (error bars of ±0.05).
